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FLIGHT E X P E R I M E N T  OF THERMAL ENERGY STORAGE 
D a v i d  Namkoong 
N a t i o n a l  A e r o n a u t i c s  and Space A d m i n i s t r a t i o n  
Lewis  Research  C e n t e r  
C l e v e l a n d ,  O h i o  44135 
A 65 TRACT 
Thermal  e n e r g y  s t o r a g e  ( T E S )  e n a b l e s  a s o l a r  
dynamic  s y s t e m  to d e l i v e r  c o n s t a n t  e l e c t r i c  Dower 
t h r o u g h  p e r i o d s  o f  sun and shade.  S r a y t o n  and 
S t i r l i n g  power systems u n d e r  c u r r e n t  c o n s i d e r a t i o n s  
for m i s s i o n s  i n  t h e  n e a r  f u t u r e  r e q u i r e  w o r k i n g  
f l u i d  t e m p e r a t u r e s  i n  t h e  1100 t o  1300+ K r a n g e .  
TES m a t e r i a l s  t h a t  meet  t h e s e  r e q u i r e m e n t s  f a l l  
i n t o  t h e  f l u o r i d e  f a m i l y  o f  s a l t s .  These s a l t s  
s t o r e  e n e r g y  as a h e a t  o f  f u s i o n .  t h e r e b y  t r a n s f e r -  
r i n g  h e a t  t o  t h e  f l u i d  a t  c o n s t a n t  t e m p e r a t u r e  d u r -  
i n g  shade.  The f u s i o n  t e m p e r a t u r e  r a n g e  o f  p u r e  
s a l t s  and e u t e c t i c s  f a l l  i n t o  t h a t  r e q u i r e d  by t h e  
power sys tems.  
be t a k e n  i n t o  a c c o u n t  i s  t h e  change i n  vo lume t h a t  
o c c u r s  w i t h  m e l t i n g  and f r e e z i n g .  S a l t s  s h r i n k  as 
t h e y  s o l i d i f y ,  a change r e a c h i n g  30 p e r c e n t  f o r  
some s a l t s .  The l o c a t i o n  o f  v o i d s  t h a t  f o r m  as 
r e s u l t  o f  t h e  s h r i n k a g e  i s  c r i t i c a l  when t h e  s o l a r  
dynamic  s y s t e m  reemerges  i n t o  t h e  sun. Hot  s p o t s  
can d e v e l o p  i n  t h e  TES c o n t a i n e r  or t h e  c o n t a i n e r  
can become d i s t o r t e d  i f  t h e  m e l t i n g  s a l t  c a n n o t  
expand e l s e w h e r e .  
The p r i n c i p a l  f e a t u r e  o f  f l u o r i d e s  t h a t  mus t  
m 
7t 
a e A n a l y s i s  o f  t h e  t r a n s i e n t ,  two-phase phenome- 
I non i s  b e i n g  i n c o r p o r a t e d  i n t o  a t h r e e - d i m e n s i o n a l  
compu te r  code.  T h i s  p r o g r a m  i s  b e i n g  d e v e l o p e d  b y  
Oak R i d g e  N a t i o n a l  L a b o r a t o r y .  The code i s  c a p a b l e  
o f  a n a l y s i s  u n d e r  m i c r o g r a v i t y  as w e l l  as 1 9 .  
The o b j e c t i v e  o f  t h e  f l i g h t  p r o g r a m  i s  t o  v e r -  
i f y  t h e  p r e d i c t i o n s  o f  t h e  code,  p a r t i c u l a r l y  of 
t h e  v o i d  l o c a t i o n  and i t s  e f f e c t  o n  c o n t a i n m e n t  
t e m p e r a t u r e .  The f o u r  e x p e r i m e n t a l  packages com- 
p r i s i n g  t h e  p r o g r a m  w i l l  be t h e  f i r s t  t e s t s  o f  
m e l t i n g  and f r e e z i n g  c o n d u c t e d  under  m i c r o g r a v i t y .  
Each t e s t  package  w i l l  be i n s t a l l e d  i n  a Getaway 
S p e c i a l  c o n t a i n e r  t o  be c a r r i e d  b y  t h e  S h u t t l e .  
The package  w i l l  be  s e l f - c o n t a i n e d  and i n d e p e n d e n t  
of S h u t t l e  o p e r a t i o n s  o t h e r  t h a n  t h e  i n i t i a l  open-  
i n g  o f  t h e  c o n t a i n e r  l i d  and t h e  f i n a l  c l o s i n g  o f  
t h e  l i d .  
w 
Upon t h e  r e t u r n  o f  t h e  t e s t  package f r o m  
f l i g h t ,  t h e  TES c o n t a i n e r  w i l l  be r a d i o g r a p h e d  and 
f i n a l l y  p a r t i t i o n e d  t o  examine t h e  e x a c t  l o c a t i o n  
and shape o f  t h e  v o i d .  V i s u a l  i n s p e c t i o n  o f  t h e  
v o i d  and t h e  t e m p e r a t u r e  d a t a  d u r i n g  f l i g h t  w i l l  
c o n s t i t u t e  t h e  bases f o r  code v e r i f i c a t i o n .  
BACKGROUND 
The.advanced s o l a r  dynamic Dower sys tem u t i -  
l i z i n g  e i t h e r  a B r a y t o n  or S t i r l i n g  power c z n v e r -  
s i o n  sys tem ( P C S )  has t h e  p o t e n t i a l  f o r  h i g h  
e f f i c i e n c y  w i t h  r e i g h t  and a r e a  a z v a n t a g e s  Over 
o t h e r  s o l a r  power s y s t e m s .  When o p e r a t i n g  i n  a l o w  
E a r t h  o r b i t  (LEO) ,  t h e  power sys tem u i l l  a v p e r i e n c e  
a sun /shade  c y c l e  w h i c h  i s  on  t h e  o r d e r  o f  60 m i n  
sun and 34 min  shade.  D e l i v e r y  o f  c o n t i n u o u s  e i e c -  
t r i c  power o v e r  t h e  e n t i r e  o r b i t  r e q u i r e s  a method 
o f  s t o r i n g  s u f f i c i e n t  t h e r m a l  e n e r g y  d u r i n g  t h e  sun 
c y c l e  for use d u r i n g  t h e  shade c y c l e .  An e f f i c i e n t  
method o f  s t o r i n g  e n e r g y  i s  t o  u t i l i z e  t h e  h e a t  o f  
f u s i o n  o f  m a t e r i a l s .  
The i d e a l  t h e r m a l  e n e r g y  s t o r a g e  ( T E S )  m a t e r -  
i a l  for  t h i s  k i n d  o f  a p p l i c a t i o n  i s  one t h a t  
changes phase a t  h i g h  t e m p e r a t u r e  f o r  an e f f i c i e n t  
dynamic sys tem,  a h i g h  h e a t  o f  f u s i o n ,  h i g h  conduc -  
t i v i t y ,  h i g h  d e n s i t y ,  no  d e n s i t y  change !wi th pnase 
change,  and one t h a t  does n o t  c o r r o d e  i t s  con-  
t a i n e r .  M a t e r i a l s  t h a t  meets t h e  more c r i t i c a l  
r e q u i r e m e n t s  o f  TES f a l l  i n t o  t h e  f l u o r i d e  f a m i l y  
o f  s a l t s .  Pure  f l u o r i d e  s a l t s  and t h e i r  e u t e c t i c s  
span t h e  t e m p e r a t u r e  r a n g e  o f  i n t e r e s t ,  1100 t o  
1300+ K .  a r e  n o n c o r r o s i v e ,  and have h i g h  v a l u e s  o f  
t h e  h e a t  o f  f u s i o n .  O t h e r  TES m a t e r i a l s ,  such as 
t h e  s i l i c i d e s  and germanium, have o t h e r  d e s i r a b l e  
p r o p e r t i e s  as w e l l ,  b u t  a r e  h i g h l y  c o r r o s i v e .  
These m a t e r i a l s  a r e  c o n t i n u i n g  t o  be d e v e l o p e d .  
as t h e  TES m a t e r i a l .  The p r i n c i p a l  f e a t u r e  o f  
f l u o r i d e s  t h a t  mus t  be t a k e n  i n t o  a c c o u n t  i s  t h a t  
of t h e  change i n  d e n s i t y  w i t h  t h e  change of phase.  
L i F ,  f o r  i n s t a n c e ,  c o n t r a c t s  t o  71 p e r c e n t  o f  i t s  
l i q u i d  vo lume as i t  f r e e z e s .  V o i d s  a r e  fo rmed.  
When s u b j e c t e d  t o  t h e  s o l a r  h e a t  l o a d ,  a p r o x i m a t e  
v o i d  l o c a t i o n  can cause l o c a l  o v e r h e a t i n g  o f  t h e  
c o n t a i n e r .  I n  t h e  o t h e r  p o s s i b l e  e x t r e m e ,  r e c o g -  
n i z i n g  t h a t  t h i s  s a l t  expands 40 p e r c e n t  o n  m e l t -  
i n g ,  t h e  l i q u i d  can cause d i s t o r t i o n  o f  t h e  TES 
c o n t a i n e r .  
Advanced r e c e i v e r  d e s i g n s  u t i l i z e  f l u o r i d e s  
R e c o g n i z i n g  t h e  c r i t i c a l i t y  o f  TES i n  advanced 
s o l a r  r e c e i v e r  d e s i g n s ,  NASA Lewis  Research  C e n t e r  
embarked upon a p r o g r a m  t o  u n d e r s t a n d  t h e  t r a n -  
s i e n t  b e h a v i o r  o f  TES m a t e r i a l s ,  p a r t i c u l a r l y  t h e  
v o i d  shape and l o c a t i o n ,  u n d e r  m i c r o g r a v i t y .  The 
p r o j e c t  o p e r a t e d  u n d e r  two p r i m e  o b j e c t i v e s .  The 
f i r s t  t o  embody t h e  a n a l y s e s  of m e l t i n g  and f r e e z -  
i n g  of TES m a t e r i a l s  i n t o  a comouter  p rog ram.  The 
second t o  s i m u l a t e  t h e  h e a t i n g  and c o o l i n g  of a 
t e s t  package i n  a m i c r o g r a v i t y  e n v i r o n m e n t  and 
t h e r e o y  v e r i f y i n g  t h e  compu te r  c o d e .  The p r o j e c t  
has bee1  e n t i t l e d  Thermal  Energy  S t o r a g e  Tschno logy  
or TEST. 
The u n d e r s t a n d i n g  of t h e  t r a n s i e n t  b e h a v i o r  
o f  TES m a t e r i a l s  i n  s o l a r  h e a t  r e c e i v e r s  <was recog-  
n i z e d  i n  May 1985 as  e s s e n t i a l  t o  mak ing  i m p o r t a n t  
s t r i d e s  i n  advanced  s o l a r  dynamic  (ASD) t e c h n o l o g y .  
TEST was p r e s e n t e d  as  a p r o p o s e d  f l i g h t  e v a e r i m e n t  
for t h e  ASD t e c h n o l o g y  p r o g r a m  a t  t h e  OAST Workshop 
a t  t h e  W i l l i a m s b u r g  C o n f s r e n c e  i n  O c t o b e r  o f  t h e  
same y e a r .  Such a f l i g h t  t e s t  i s  n o t  r e q u i r e d  f o r  
e a r l y  use  on Space S t a t i o n  Freedom. 
The a n a l y t i c a l  phase  of t h e  p r o j e c t  began w i t h  
a s u r v e y  t o  l o c a t e  e x i s t i n g  compu te r  p rog rams  t h a t  
m i g h t  be a p p l i e d  t o  TES. Programs such as  NASTRAN 
and i t s  v a r i a t i o n s ,  ANSYS, ABAQUS, ADINA. and STAR- 
DYNE were  a l l  i n v e s t i g a t e d ;  b u t  none was f o u n d  ade- 
q u a t e .  D i s c u s s i o n s  were  c a r r i e d  o n  w i t h i n  NASA 
L e w i s ,  Los  Alamos N a t i o n a l  L a b o r a t o r y ,  and Oak 
R i d g e  N a t i o n a l  Lab.  The c o n c l u s i o n  r e a c h e d  a f t e r  
t h e  comprehens ive  s e a r c h  was t h a t  n o  a n a l y t i c a l  
tool was a v a i l a b l e  t o  p r e d i c t  s i z e  and l o c a t i o n  of 
t h e  v o i d  on a t r a n s i e n t  b a s i s  i n  m i c r o g r a v i t y .  Oak 
R i d g e ,  however ,  was j u d g e d  t o  have  t h e  c a p a b i l i t y  
and e x p e r i e n c e  t o  d e v e i o p  a code .  As a r e s u l t ,  
t h e y  were  awarded a c o n t r a c t  i n  J a n u a r y  1987 t o  
d e v e l o p  such  a code .  
A t  t h i s  p o i n t  t h e  Oak R i d g e  code ,  known as  
t h e  NAS;l/Oak R i d g e  V o i d  E x p e r i m e n t  or NOR'IEK, has 
c o m p l e t e d  deve lopmen t  3 f  t h e  code for  t h e  1-g con- 
d i t i o n .  C o m p l e t i o n  for  m i c r o g r a v i t y  i s  e v p e c t e d  
b y  t h e  t i m e  o f  t h i s  c o n f e r e n c e .  
The e x p e r i m e n t a l  phase  of t h e  p r o j e c t  was 
s u b m i t t e d  a s  an In -Reach p r o g r a m  i n  m id -1986 .  Sub- 
s e q u e n t l y ,  TEST e x p e r i m e n t s  were approved  b y  NASA 
H e a d q u a r t e r s  and s e l e c t e d  b y  In -Reach for t h e  d e f i -  
n i t i o n  phase .  
TEST EXPER!MENT 
Four  e x p e r i m e n t a l  t e s t  packages a r e  p l a n n e d  
to e l i c i t  maximum i n f o r m a t i o n  on TES m a t e r i a l s  
u n d e r g o i n g  f r e e z e l t h a w .  Two g e o m e t r i e s ,  two TES 
m a t e r i a l s ,  and  w e t t i n g  and n o n w e t t i n g  c o n d i t i o n s  
w i l l  be t e s t e d .  The s o e c i f i c s  i n  o r d e r  o f  p r i o r i t y  
a r e  l i s t e d  i n  T a b l e  I .  
The TES m a t e r i a l  c a n d i d a t e s  a r e  l i s t e d  as  
s e p a r a t e  t e s t s .  These t e s t s  can be i n s t a l l e d  o n  
s e p a r a t e  f l i g h t s ,  a l l  on a s i n g l e  f l i g h t .  or  any  
c o m b i n a t i o n  t h e r e o f .  The r e s u l t s  a r e  e s s e n t i a l l y  
i n d e p e n d e n t  o f  each  o t h e r  and d o  n o t  r e q u i r e  a 
s e q u e n t i a l  s e r i e s  of t e s t s .  Each t e s t  w i l l  con-  
t r i b u t e  i n f o r m a t i o n  r e l e v a n t  to code v a l i d a t i o n  o n  
a s p e c i f i c  a r e a  w h i c h  t o g e t h e r  w i l l  c o v e r  much of 
t h e  r a n g e  of  i n t e r e s t s  i n  t h e r m a l  e n e r g y  s t o r a g e  
f r e e z i n g  and t h a w i n g .  
s a l t  c a n d i d a t e  for  s e v e r a l  r e a s o n s .  T h i s  s a l t  has 
a n i g h  h e a t  o f  f u s i o n  a t  a m e l t i n g  t e m p e r a t u r e  
L i F  has  been s e l e c t e d  as  t h e  p u r e  f l u o r i d e  
( i l 2 l  K )  t h a t  i s  w i t h i n  t h e  r a n g e  3 i n t e r e s t  f o r  
h i g n e r  e f f i c i e n c y ,  l o w e r  j p e c i f i c  .qe igh t  s o l a r  
power s y s t e m s .  There  has been s u t e r l s i v e  e x p e r i -  
ence g a i n e d  w i t h  -the s a l t .  and a i l  J? r h e  p e r t i n e n t  
t h e r m o p h y s i c a l  p r o D e r t i e s  a r e  <noun .  4 1 5 0 .  ~ i i  
undergoes  a l a r g e  change i n  X p e c i f i c  i o l u m e .  3 s  
m e n t i o n e d  p r e v i o u s l y .  T h i s  can b e  a n  a d v a n t a g e  i n  
t h a t  v o i d  l o c a t i o n  and b e h a v i o r  $will be t h a t  much 
e a s i e r  to  d e t e c t  d u r i n g  t h e  t e s t .  
L i q u i d  L i F  c h a r a c t e r i s t i c a l l y  N e t s  t h e  i n n e r  
s u r f a c e  o f  i t s  e n c l o s u r e ,  and T e s t  1 will b e  con- 
d u c t e d  a c c o r d i n g l y .  R e a l i z i n g  t h a t  i o i d  l o c a t i o n  
and b e h a v i o r  a r e  p o w e r f u l l y  i n f l u e n c e d  b y  s u r f a c e  
t e n s i o n  and  w e t t i n g  u n d e r  m i c r o g r a v i  t y ,  i t  was 
d e c i d e d  to  impose t h e  same c o n d i t i o n s  for  T e s t  2 
e x c e p t  t o  c o a t  t h e  i n n e r  s u r f a c e  t o  3 r c a u c e  n o n r e t -  
t i n g .  A e u t e c t i c  TES s a l t  w i l l  b e  t e s t e d  u n d e r  
t h e  same c o n d i t i o n s  as  fo r  L i F  to  d e t s r r n i n e  t h e  
e f f e c t  of. a wedge g e o m e t r y  o n  v o i d  b e h a v i o r  and 
l o c a t i o n  d u r i n g  t h e  m e l t i n g  and f r e e z i n g  p r o c e s s .  
A s  i n  t h e  case  of T e s t  1 and 2 .  t h e  a ? r t e c t i c  TES 
m a t e r i a l  w i  1 1  be t e s t e d  u n d e r  ' w e t t i n g  a n d  nonwet -  
t i n g  c o n d i t i o n s  ( T e s t s  3 and 4 ,  r e s a e c t i v e l y ) .  
These t e s t  a r e  n o t  dependen t  upon c n e  a n o t h e r  i n  
t h e  sense t h a t  a l l  o f  t h e  r e s u l t s  from one  mus t  b e  
a n a l y z e d  b e f o r e  t h e  n e x t  e x p e r i m e n t a l  package i s  
f l o w n .  These t e s t s  a r e  i n t e n d e d  t o  i l l u m i n a t e  
a m a t r i x  o f  c o n d i t i o n s  t h a t  mos t  i m o a c t  t h e  l o c a -  
t i o n  and b e h a v i o r  o f  v o i d s ;  t h a t  i s .  g e c m e t r y  and 
w e t t i n g ,  for p u r e  and e u t e c t i c  s a i t s .  u n d e r  
m i c r o g r a v i t y .  
E x p e r i m e n t a l  Concep t  
The TES m a t e r i a l  w i l l  be e n c a p s u l a t e d  i n  an 
a n n u l u s  o f  a r e c t a n g u l a r  c r o s s  s e c t i m ,  F i g .  1 .  
S o l a r  i n p u t  w i l l  be s i m u l a t e d  b y  a n  e l e c t r i c a l  
h e a t e r  t r a n s f e r r i n g  h e a t  t o  t h e  o u t s '  z u r f a c e  of 
t h e  c a n i s t e r .  The c a n i s t e r  w i l l  be z 9 o l e d  b y  t h e  
t r a n s f e r  of n e a t  from t h e  TES m a t e r i a l  t h r o u g h  t h e  
i n n e r  s u r f a c e  t o  t h e  c o n d u c t o r  r o d .  and r a d i a t e d  
to  space a c r o s s  t h e  f l a r e d  s u r f a c e  o f  t h e  r o d .  
The e x p e r i m e n t  m e l t / f r e e z e  t i m e s ,  n o m i n a l l y  60 and  
34 m i n  r e s p e c t i v e l y ,  r e p r e s e n t  r e a l  Q r b i t  t i m e s  o f  
sun and shade.  
The a n n u l u s  and wedge g e o m e t r i e s  have  been  
s e l e c t e d  as b e i n g  r e p r e s e n t a t i v e  o f  TES d e s i g n s ,  
c u r r e n t l y  and  i n  t h e  n e a r  f u t u r e .  Advanced r e c e i v -  
e r s  may i n f l u e n c e  a change i n  t h e  t e s t  p a c k a g e .  
The e x p e r i m e n t a l  package w i l l  be i n s t a l l e d  
w i t h i n  a Getaway S p e c i a l  c o n t a i n e r ,  F i g .  2 .  Opera-  
t i o n s  w i t h i n  t h e  c o n t a i n e r  a r e  i ndeDenden t  o f  t h e  
S h u t t l e  o t h e r  t h a n  t h e  o p e n i n g  o f  t h e  GAS c o n t a i n e r  
l i d  a t  t h e  b e g i n n i n g  o f  t h e  e v p e r i m e n t  and  t h e  
c l o s i n g  of t h e  l i d  a t  t h e  c o n c l u s i o n .  
The e x o e r i m e n t a l  package i s  i n s t a l l e d  i n  a 
s e c t i o n  n e a r e s t  t h e  GAS c o n t a i n e r  l i d .  D u r i n g  t h e  
e x p e r i m e n t a l  p e r i o d  when t h e  l i d  i s  open ,  t h e  pack -  
age i s  s t i l l  t h e r m a l l y  i n s u l a t e d  from space b y  a 
s h u t t e r .  The s h u t t e r  i s  c o m p r i s e d  of two h a l v e s  
and i s  c o n t r o l l e d  w i t h i n  t h e  l o g i c  o f  t h e  e x p e r i -  
Inent .  I t  i s  c l o s e d  d u r i n g  h e a t i n g  and opened  d u r -  
i n g  shade. The h e a t e r ,  c a n i s t e r s ,  and c o n d u c t o r  
r o d - r a d i a t o r  a r e  t h e r m a l l y  i n s u l a t e d  from i t s  s u r -  
r o u n d i n g  b y  m u l t i l a y e r  i n s u l a t i o n .  The m u l t i p l e  
2 
. 
! a y e r r  s e r v e  a s  r a d i a t i o n  s n i e l d s  * r h i c h  a r e  e f f e c -  
t i v e  for h i g n  t s m p e r a t u r e  a p p l  i c a t i c n s  where r a d i a -  
t i o n  i s  t h e  p r i n c i p a l  method o f  ' leat  t r a n s f e r .  
S u p p o r t i n g  components  far t h e  e x p e r i m e n t a l  
package i n c l u d e  a 28-V s i l v e r - z i n c  b a t t e r y  pack  
s u f f i c i e n t  t o  s u p p l y  t h e  2 kWh f o r  t h e  t o t a l  e l e c -  
t r i c a l  power  r e q u i r e m e n t .  The e l e c t r o n i c  package 
i s  d e s i g n e d  w h e r e v e r  p o s s i b l e  to  be s i m p l e .  gas- 
; i v e ,  and w i t h  o n i o f f  modes. The h e a t e r  c o n t r o l .  
f o r  i n s t a n c e ,  w i l l  n o t  i n c l u d e  any  k i n d  of p r o -  
grammed i n p u t .  The rmocoup les  on t h e  spec imen d : l l  
d i c t a t e  when t h e  power \ w i l l  b e  f u l l y  on and f u l l y  
o f f .  S i m i l a r l y ,  s h u t t e r  c o n t r o l s  w i l l  be based on 
t h e r m o s t a t i c  r e a d i n g s  w i t h  l i m i t  s w i t c h e s  t o  s i g n a l  
t h e  f u l l y - o p e n  and f u l l y - c l o s e d  p o s i t i o n s .  E l e c -  
t r i c a l  s a f e t y  f e a t u r e s  have  a l s o  been d e s i g n e d  for 
s i m p l i c i t y  and  r e l i a b i l i t y .  A t h e r m o s t a t  i n  t h e  
h e a t e r  c i r c u i t  w i l l  s h u t  power  o f f  i f  o v e r t e m p e r a -  
t u r e  i s  sensed .  I n  a d d i t i o n ,  a m i c r o p r o c e s s o r  ! d i l l  
m o n i t o r  d a t a  and w i l l  s h u t  power down i f  an anomaly  
i s  d e t e c t e d .  F i n a l l y ,  f u s e s  i n  t h e  l i n e s  w i l l  open 
t h e  c i r c u i t  upon  e x c e s s i v e  c u r r e n t .  D a t a  a c q u i s i -  
t i on  w i l l  monitor d a t a  a t  5-min i n t e r v a l s .  S t o r a g e  
w i l l  be t e m p o r a r y  i n  RAM i n i t i a l l y .  D a t a  w i l l  t h e n  
be t r a n s f e r r e d  t o  EEPROM fo r  pe rmanen t  s t o r a g e .  
One-g and F l i q h t  T e s t s  
E x t e n s i v e  q u a l i f i c a t i o n  t e s t s  r i l l  be con- 
d u c t e d  d u r i n g  t h e  p r e f l i g h t  p e r i o d .  The p u r p o s e s  
for such  t e s t s  a r e  ( 1 )  t o  a s s u r e  t h a t  components ,  
subsys tems ,  and t h e  f u l l  sys tem meet d e s i g n  
r e q u i r e m e n t s  and  a r e  c a p a b l e  o f  w i t h s t a n d i n g  t h e  
l a u n c h  e n v i r o n m e n t  o f  t h e  S h u t t l e ,  and ( 2 )  t o  
a s s u r e  t h e  s a f e  and  r e l i a b l e  o p e r a t i o n  of t h e  
e x p e r i m e n t .  
I n  a d d i t i o n ,  t e c h n i c a l  d a t a  w i l l  be o b t a i n e d  
on t h e  e x p e r i m e n t a l  package i n  g r o u n d  t e s t s  t h a t  
can  be u s e d  i n  c o n j u n c t i o n  w i t h  t h e  d a t a  o b t a i n e d  
i n  f l i g h t .  The h e a t  l o s t  t h r o u g h  t h e  m u l t i l a y e r  
i n s u l a t i o n  ( M L I )  i s  one  case  i n  p o i n t .  Though t h e  
l o s s  i s  s m a l l ,  i t  i s  s i g n i f i c a n t  i n  a c c o u n t i n g  for  
t h e  h e a t  f low n o t  b e i n g  t r a n s f e r r e d  t o  t h e  TES can- 
i s t e r .  I n  a g r o u n d  t e s t ,  o p t i c a l  h e a t  measurement  
t o o l s  can  b e  u s e d  t h a t  w o u l d  b e  i n a p p r o p r i a t e  i n  
f l i g h t .  Thermography  can  b e  u s e d  t o  d e t e r m i n e  tem- 
p e r a t u r e  l e v e l  and  t e m p e r a t u r e  d i s t r i b u t i o n  t o  
a s s e s s  h e a t  l o s s .  T e c h n i c a l  d a t a  o b t a i n e d  i n  
g r o u n d  t e s t s  w i l l  a l s o  v e r i f y  t h e  compu te r  model 
d e v e l o p e d  for  TEST b y  Oak R i d g e  N a t i o n a l  Labora -  
t o r y .  The m o d e l ,  t e rmed  NORVEX, i s  i n t e n d e d  u l t i -  
m a t e l y  t o  p r e d i c t  TES v o i d  l o c a t i o n  and  b e h a v i o r  
u n d e r  m i c r o g r a v i t y .  I t  has  been  d e v e l o p e d  for 1 g 
a l s o  and  s e r v e s  as  a n  e a r l y  v e r i f i c a t i o n  p o i n t  for 
t h e  compu te r  c o d e .  
I n  f l i g h t ,  a n  a s t r o n a u t  w i l l  a c t i v a t e  t h e  
s w i t c h  w h i c h  opens  t h e  GAS c o n t a i n e r  l i d .  T h i s  
a c t i o n  w i l l  s i g n a l  t h e  h e a t - u p  phase .  The b a t t e r y  
c i r c u i t  i s  c l o s e d  and t h e  h e a t e r  s t a r t s  t o  r a i s e  
t h e  t e m p e r a t u r e  f r o m  i t s  c o l d  soak  c o n d i t i o n .  The 
t i m e  p e r i o d  r e q u i r e d  t o  r e a c h  o p e r a t i o n a l  tempera-  
t u r e  i s  c a l c u l a t e d  t o  be a p p r o x i m a t e l y  2 h r .  Hea t -  
i n g  w i l l  c o n t i n u e  t h r o u g h  t h e  f i rst  m e l t  c y c l e .  
When t e m p e r a t u r e  measurements  i n d i c a t e  t h a t  t h e  TES 
m a t e r i a l  i s  c o m p l e t e l y  l i q u i d ,  t h e  h e a t e r s  w i l l  be 
t u r n e d  o f f  a n d  t h e  s h u t t e r s  w i l l  open,  i n i t i a t i n g  
t h e  f i r s t  f r e e z e  c y c l e .  Y e l t / f r e e z e  ::/cles : J i l l  
c o n t i n u e  f o u r  a d d i t i o n a l  r i m e s  z o n ; e c u t i v e l y .  t h e  
number o f  c y c l e s  t h a t  t h e r m a l  a n a l y s i s  i n d i c a t e s  
i s  r e q u i r e d  f o r  r - e p e a t a b i l i t y .  On c o m p l e t i o n  o f  
t h e  l a s t  f r e e z e  c y c l e .  t 3 e  ; 9 u t t e r  : s  c l o s e d  and 
t h e  s i g n a l  t r a n s m i t t e d  t o  t h e  as : ronaut  to  c l o s e  
t h e  GAS c o n t a i n e r  l i d .  
Upon r e t u r n ,  t h e  TES c a n i s t e r s  w i l l  be r a d i o -  
g r a p h e d  t o  d e t e r m i n e  v o i d  d i s t r i b u t i o n  i n  i t s  
u n d i s t u r b e d  s t a t e .  The c e n t e r  c a n i s t e r  w i l l  be 
s e c t i o n e d  a t  4 5 O  segment: c o r r e s p o n d i n g  to  thermo-  
c o u p l e  l o c a t i o n s  to i d e n t i f y  t h e  f i n a l  v o i d  shape 
and  l o c a t i o n .  The s t o r e d  d a t a  and p o s t f l i g h t  
o b s e r v a t i o n s  , w i l l  b e  compared to  t h e  compu te r  
model p r e d i c t i o n s  t o  d e t e r m i n e  t h e  degree  o f  
v e r i f i c a t i o n .  
COMPUTER MODELING OF FREEZEITHAW A>JALYSIS 
Oak R i d g e  N a t i o n a l  L a b o r a t o r y  has been con-  
t r a c t e d  t o  d e v e l o p  NORVEX, a t h r e e - d i m e n s i o n a l  
compu te r  p r o g r a m  d e s c r i b i n g  TES m a t e r i a l  b e h a v i o r  
u n d e r g o i n g  m e l t i n g  and f r e e z i n g  u n d e r  m i c r o g r a v i t y .  
The r e s u l t  o f  t h e  e f f o r t  i s  t o  p r o f i l e  a r e a l i s t i c  
t e m p e r a t u r e  h i s t o r y  w i t h i n  t h e  TES c o n t a i n e r .  P a r -  
t i c u l a r  emphas is  i s  p l a c e d  o n  t h e  e f f e c t s  of t h e  
v a p o r  v o i d  w h i c h  f o r m s  d u r i n g  t h e  f r e e z i n g  phase .  
A c c u r a t e  p o r t r a y a l  of t h e  t e m p e r a t o r e  behav-  
io r  r e q u i r e s  t h a t  a number of c o n c u r r e n t  phenomena 
b e  t a k e n  i n t o  a c c o u n t .  M o t i o n  o f  t h e  s o l i d i f i c a -  
t i o n  f r o n t  a f f e c t s  t h e  h e a t  b a l a n c e  and  t h e  h e a t  
t r a n s p o r t  b e h a v i o r  due b o t h  t o  t h e r m a l  c o n d u c t a n c e  
d i f f e r e n c s s  becween t h e  l i q u i d  and s o l i d  and  t n e  
a v a i l a b i l i t y  o f  l i q u i d  vo lume fo r  c o n v e c t i o n .  I n  
a d d i t i o n ,  v a p o r  v o i d  f o r m a t i o n  o c c u r s ,  :ommon to 
a l l  f l u o r i d e  TES sys tems ,  r e s u l t i n g  f r o m  t h e  h i g h e r  
d e n s i t y  o f  t h e  s o l i d  r e l a t i v e  t o  t h e  l i q u i d .  Thus 
a t h r e e  phase s y s t e m  e x i s t s  w i t h i n  t h e  c a n i s t e r  i n  
w h i c h  t h e  s o i i d  and v a p o r  phases  g row d u r i n g  c o o l -  
i n g ,  and t h e  l i q u i d  phase grows o n  h e a t i n g .  
a r e  t a k e n  i n t o  a c c o u n t  i n  t h e  compu te r  model b y  
c a t e g o r i z i n g  them i n t o  s e p a r a t e  modu les .  These 
a r e  l i s t e d  as  f o l l o w s :  
Modu le  1 C o r e  c o n d u c t i o n  
Modu le  2 F l a r e  c o n d u c t i o n  
Modu le  3 C a n i s t e r  c o n d u c t i o n  
Modu le  4 TES m a t e r i a l  c o n a u c t i o n  
The h e a t  t r a n s p o r t  mechanisms and phenomena 
C o n v e c t i o n  
I n t e r n a l  r a d i a t i o n  
S o l i d i f i c a t i o n / m e l t  f r o n t  
Modu le  5 Void h e a t  t r a n s f e r  
Modu le  6 M e l t  v e l o c i t i e s  
Modu le  7 V o i d  shape and l o c a t i o n  
One s u b r o u t i n e  s t o r e ;  t h e  i n p u  
t h e r m o p h y s i c a l  p r o p e r t i e s ,  b o u n d a r y  
geomet ry ,  e t c .  A second  s u b r o u t i n e  
t h a t  o f  i n t e g r a t i n g  a l l  o f  t h e  modu 
i n p u t .  
The o u t p u t  o f  t h e  p r o g r a m  w i l l  
t h a t  can  b e  compared d i r e c t l y  w i t h  
t a l  r e s u l t s .  The k i n d  of o u t p u t  w i  
as  r e p o r t e d  b y  Wichner  e t  a l .  (1988  
p a r a m e t e r s  of 
c o n d i  t i o n s .  
s f u n c t i o n  i s  
es and  t h e  
be i n  a form 
h e  s x p e r i m e n -  
1 b e  t h e  same 
i n  F i g s .  3 
3 
to  7 .  I n  t h a t  e a r l i e r  p a p e r ,  t h e  a n a l y s i s  was two- 
d i m e n s i o n a l  whereas t h e  p r e s e n t  s t u d y  w i l l  be 
t h r e e - d i m e n s i o n a l .  N e v e r t h e l e s s ,  t h e  o u t p u t  w i l l  
be s i m i l a r .  ;ne maximum and  minimum c a n i s t e r  s u r -  
f a c e  t e m p e r a t u r e s  a r e  mapped as a f u n c t i o n  o f  t i m e  
t h r o u g h  ;un and shade. Phase maps i n d i c a t e  t h e  
a r e a  o f  TES l i q u i d ,  s o l i d  and  v o i d .  B o t h  1-9 and 
m i c r o g r a v i t y  c o n d i t i o n s  a r e  shown. The exper imen-  
t a l  c a n i s t e r  s u r f a c e  t e m p e r a t u r e s  w i l l  be a d i r e c t  
c o m p a r i s o n  w i t h ,  and t h e r e f o r e  a measure  o f  v e r i f i -  
c a t i o n  o f  t h e  code o u t p u t .  P o s t t e s t  e x a m i n a t i o n  o f  
t h e  c a n i s t e r  w i l l  r e v e a l  t h e  s o l i d  and  v o i d  l o c a -  
t i o n s  and w i l l  s e r v e  a s  v e r i f i c a t i o n  o f  NORVEX's 
p r e d i c t i o n s  o f  such  l o c a t i o n s .  
CONCLUSION 
The f l i g h t  e x p e r i m e n t  o f  t h e r m a l  e n e r g y  





m a t e r i a l s  w i l l  have  been t e s t e d  under  e x t e n d e d  
m i c r o g r a v i t y  c o n d i t i o n s .  E x t e n s i v e  g r o u n d  t e s t s ,  
and a d e t a i l e d  compu te r  a n a l y s i s  a r e  o l a n n e d  t o  
o r o v i d e  c o m p l e t e  p r e f l i g h t  p r e p a r a t i o n s .  as  a b a s i s  
t o  compare t h e  f l i g h t  i n f o r m a t i o n .  
REFERENCES 
1 .  R.P. W i c h n e r ,  A.D. Solomon, J . B .  D r a k e ,  and 
P.T. W i l l i a m s ,  "Thermal  A n a l y s i s  of Hea t  
S t o r a g e  C a n i s t e r s  for  a S o l a r  Dynamic ,  Space 
Power Sys tem, ' '  ORNLITM-10665, 1988. 
L i F  w e t t i n g  Annu l  us  
L i F  n o n w e t t i n g  Annu l  us  
F l u o r i d e  e u t e c t i c  w e t t i n g  Wedge 
F l u o r i d e  e u t e c t i c  n o n w e t t i n g  Wedge 
TABLE I 
[Each  t e s t  i n d e p e n d e n t .  T e s t s  can  be i n s t a l l e d  
o n  s e p a r a t e  f l i g h t s ,  a l l  o n  a s i n g l e  f l i g h t ,  
any  c o m b i n a t i o n . 1  
A 
00000000000 
I L I F  







I CONDUCTOR ROD 
1 _ - 3 . 1 " 4  







































FIGURE 2. - EXPERIMENTAL PACKAGE I N  "GAS" CONTAINER. 
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The code is capable of analysis under microgravity as well as 1 g. The objective of the flight program is to verify the 
predictions of the code, particularly of the void location and its effect on containment temperature. The four experimental 
packages comprising the program will be the first tests of melting and freezing conducted under microgravity. Each test 
package will be installed in a Getaway Special container to be carried by the Shuttle. The package will be self-contained and 
independent of Shuttle operations other than the initial opening of the container lid and the final closing of the lid. Upon the 
return of the test package from flight, the TES container will be radiographed and finally partitioned to examine the exact 
location and shape of the void. Visual inspection of the void and the temperature data during flight will constitute the bases 
for code verification. 
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